Spectral, inhibitor, and O -consumption studies on membranes from free-living and bacteroid forms of Bradyrhizobium 2 japonicum have revealed the existence of a number of terminal oxidases, and four terminal oxidase gene clusters within the heme-copper cytochrome family have been cloned. Here the complexes encoded by coxMNOP and coxWXYZ, genes with homology to Cu -containing cytochrome c oxidases and b-type ubiquinol oxidases respectively, are studied by analysis of A mutants in each of the two oxidases and a double mutant in both of the terminal oxidase genes. Membranes from Ž . microaerobically incubated strain JHK12 which contains an insertion in coxWXYZ were deficient in levels of CO-reactive Ž . 
mutants in each of the two oxidases and a double mutant in both of the terminal oxidase genes. Membranes from Ž . microaerobically incubated strain JHK12 which contains an insertion in coxWXYZ were deficient in levels of CO-reactive Ž . y at approximately 0.1 mM CN were identifiable in the membranes from the two individual oxidase mutants. Membrane respiratory activity of the double mutant was resistant to CN y over a broad inhibitor concentration in the micromolar range. Consistent with our findings that these oxidases are expressed when cells are incubated in a low O environment, the double 2 mutant was severely deficient in H -dependent chemolithotrophic growth. The latter growth condition requires prolonged 2 
Ž
. incubation in an atmosphere of H , CO , and a low 1% or less partial pressure of oxygen. The double mutant was also 2 2 deficient in whole cell O dependent H oxidation, with H uptake rates 31% of the wild type. q 1998 Elsevier Science 
Introduction
Bradyrhizobium japonicum encounters and utilizes a broad range of oxygen levels. This is because the bacterium exists both as an aerobic free-living soil organism and as a bacteroid that fixes N under very 2 low oxygen tensions. The bacteroid is nevertheless an obligate aerobe, respiring O in the low-O environ-( )w x ment of the legume root nodule 1 . In symbiosis, it is incumbent upon the vigorously respiring bacterium to generate the ATP and reductant necessary to supply the energy-intensive nitrogen fixation process. The oxygen levels encountered by the free-living bac-Ž terium range up to 20% partial pressure approxi-. mately 250 mM O , whereas the free O concentra- 2 2 tion within root nodules but surrounding the bacw x teroid achieve nM levels 2,3 . In order to accommodate this range of free oxygen concentrations, B. japonicum has a multiple-branched electron transport chain, with each branch terminating at an oxidase w x with a presumably different affinity for oxygen [4] [5] [6] [7] this composition every other day. The bottles were shaken at 100 cyclesrmin at 308C. The inoculum was from cells previously incubated in this chemolithotrophic condition, and the fresh media Ž previously sparged with the H rCO rN gas mix- Ž . imately 0.05 . The first sample day 1 was taken 24 h after this experimental set-up. Samples for OD Ž measurements were removed aseptically every other . day for chemolithotrophic growth determinations from the stoppered serum bottles by use of a syringe and needle so as not to disturb the gas atmosphere in the bottle. The bottles were re-sparged with the H , 2 CO and N gas mixture every other day, and O 2 2 2 injected again to 1% partial pressure. For adapting cells to the microaerobic condition, which is a critical requirement for observing the expression of the oxidases studied, cultures were first grown in MB media Ž . to an O.D. 540 nm of approximately 0.7-0.8. The bacterial cells were then collected via centrifugation Ž . 6000 rpm, 48C, 15 min , and the pellets were resuspended in a mineral salts medium previously dew x scribed 24 but lacking an organic carbon source. Ž The cells were incubated shaking at 100 rpm 2 l of . medium in a 6 l flask under a gas-tight atmosphere composed to 10% H , 5% CO , 1% O , 84% N for
three days at 308C. This is referred to as the 'microaerobic incubation' procedure.
Isolation of membranes
Cells from microaerobic incubation were collected Ž . via centrifugation 6000 = g, 15 min 48C . The pellets from 6 l of cells were taken up in 10 ml of ice-cold 0.05 M phosphate buffer. Butylated hydroxy-Ž . toluene 4 mgrml was added to the resuspended cells to prevent oxidation of the membrane lipids, which results in a greater yield of bacteroid oxidase w x activity 25 . The membranes were then isolated as w x previously described 26 . Membranes were either Ž used immediately, or stored under an 100% Ar . atmosphere on ice for up to several hours. Total membrane protein was measured using the BCA pro-Ž . tein assay from Pierce Chemical Rockford, IL .
Cytochrome spectra
Spectroscopic analyses were carried out on a Beckman DU-70 spectrophotometer. Membranes that were to be analyzed spectrophotometrically were briefly sonicated and then placed in a glass cuvette with a 1-cm path length. The cuvettes were stoppered with a 7-mm sleeve-type rubber stopper if the sample was to be sparged with a gas. If anaerobic conditions were not necessary, a Teflon stopper was used. In order to record the reduced minus oxidized difference spectra, the absorbance spectrum of an air-oxidized sample was recorded and stored in memory by the spectrophotometer. The sample was then reduced with a few grains of dithionite, and the sample scanned again. The stored oxidized scan was then subtracted from the reduced scan. The procedures for CO and CN y spectra are given in the figure legends, and closely follow procedures previously described by w x our lab 10,26,27 . The relative amounts of cytochromes present in membranes were calculated from Ž y . CN q H minus H difference spectra using the 2 
Results
Due to the functioning of multiple terminal oxiw x dases in B. japonicum 29 , it might be expected that a phenotypic growth disadvantage would be observed in the mutants at a specific oxygen tension or condition. However, neither significant growth rate nor cell yield differences were noted for either of the terminal 
Spectral studies on membranes
Membranes from free-living aerobically grown B.
w
amount of b-type cytochrome in comparison to the wild-type membranes were noted for both types of Ž . terminal oxidase mutant strains data not shown . Our Ž inability to see large deficiencies in dithionite-re-. duced minus O oxidized spectra of membranes of 2 the mutants is likely due to the high overall cytochrome content of B. japonicum membranes. Spectral studies with carbon monoxide or with cyanide as the heme-reactive ligands were useful to detect differences between the mutants and the wild-type strain.
Ž . Both the wild-type strain JH and the coxWXYZ Ž . mutant strain JHK12 membranes showed a large peak at 428 nm, a trough at 444 nm, and an inflection point at the 601-603 nm area; these are features indicative of a cytochrome a -CO complex. The 3 wild type spectrum revealed a large peak at 415 nm, trough at 558 nm, and shoulders at 540 and 572 nm; w x these features are due to a cyt b-CO complex 30 , and were clearly diminished in the coxWXYZ mutant Ž w x. strain compared to the wild type see Ref. 17 . Compared to the wild-type membranes, the area under 415 nm peak was reproducibly diminished by 36% and the 558 nm trough by 20%, indicating the coxWXYZ mutant is deficient in CO-reactive cytochrome b.
Spectroscopic analysis of B. japonicum membranes from microaerobically incubated cultures of the wild type and the mutant strains were also carried Ž y . spectrum resulting in a CN qH minus H spectrum. The 2 2 membrane protein concentration of strains JH, JHK12 and JHKS4 were all 3.0 mg ml y1 ; and for Bj3430, 1.4 mg ml y1 . Scans B and C for the mutants are directly comparable to the weight scan Ž . shown scan A , but scan D was done at a different time; thus for calculation purposes, it was compared to a separate wild type Ž . scan not shown done on a membrane preparation made along with and scanned the same time as scan D.
7% of the cytochrome b and about 25% of the total 3 
CN
y reactive cytochrome b of the parent. This re-Ž sult, along with the cyanide titration curves see . below , are consistent with the interpretation that the double mutant indeed lacks both of the oxidase components that are lacking in each of the individual cox mutant strains. 
Oxygen uptake by membranes

Cyanide inhibition of oxidase actiÕity
As an inhibitor of terminal oxidase activity, cyanide is useful to determine the number of CN , but they each exhibited a clearly different inhibition pattern than was seen for the wild type in the 1.0 mM cyanide concentration area. Specifically, both mutant strains exhibited a smaller decrease in activity than the wild type strain, especially in the 0.3 to 1.5 mM range of inhibitor. The net result is that the membranes from the mutants were less subject to respira- Ž . 132 . The membrane protein concentrations mgrml were: strain JH 3.3 ; JHK12 2.8 ; Bj3430 3.2 JHKS4 3.8 and 100-250 ml aliquots of these membranes were injected into the chamber prior to CN y injection.
tory inhibition in most areas of the CN y titration curve below 2.0 mM inhibitor. For example, from six separate CN y titration experiments on membranes isolated from independent cultures we found that 2.0 mM CN y inhibited approximately 60% of the total oxidase activity of the wild type, but 40% of the total O uptake activity of coxWXYZ mutant strain and 2 38% of the O uptake activity of cox MNOP mutant 2 strain membranes.
Although similar to each other, the membranes isolated from coxWXYZ and cox MNOP mutant strains were not identical in their inhibition patterns; they had subtle but reproducible differences in their CN y inhibition curves. cox MNOP mutant membranes were reproducibly more resistant to CN y in the 0.3 to 1.0 mM cyanide inhibition area. Like the wild type, both mutant strains contained an inhibition phase in the 5-50 mM cyanide inhibition area. This latter inhibition phase was clearly attributable to cy-Ž . tochrome aa , as strain LO501 D coxA lacked this croaerobically incubated cells, and we can conclude that the two 'medium' affinity components are encoded by coxWXYZ and cox MNOP. Possible candidates for the component inhibited in the 0.1 mM w x inhibition phase are the FixNOQP complex 7 , the w x putative flavoprotein oxidase 26 , or the non-heme w x respiratory component 31 . All of these components are inhibited by cyanide.
Membranes from the coxWXYZ cox MNOP dou-Ž . ble mutant strain JHKS4 had a broad area of cyanide resistance to the inhibitor concentrations from 0.10 Ž . mM to 5.0 mM Fig. 2D . The results for the double mutant are consistent with the interpretation that this strain lacks both of the 'medium affinity' components, but retains both the most and the least cyanide sensitive factors. Performance of these cyanide titration inhibition experiments on membranes from cells Ž . grown aerobically 20% partial pressure O revealed 2 a different sensitivity pattern to CN y than for the microaerobically incubated cells. The bulk of the Ž . inhibition greater than 75% for all the strains when grown in high aeration was at concentrations above y Ž . 5.0 mM CN data not shown . It is well established that the primary terminal oxidase in this strain of B. japonicum grown in high-aeration conditions is cyw x tochrome aa 18 . 
Chemolithotrophic growth
The terminal oxidases described here are expressed after incubation of cells in a low O environment. 2 Therefore, we tested the growth abilities of the strains under conditions of H -dependent chemolithotrophic 2 growth, which requires low levels of O . As shown 2 in Fig. 3 
Discussion
Because of the agricultural and economic importance of soybean crops, it is of interest to understand the factors that contribute to the optimal functioning of B. japonicum, both as a free-living organism and as a microsymbiont of soybean. The focus on terminal oxidases as one of these factors is justified, considering that the bacterium must supply ATP, via respiration-driven mechanisms, to fuel nitrogenase directly as well as for many of the ancillary bacterial processes required for efficient symbiotic N fixa-2 tion. The roles of already sequenced genes encoding terminal oxidase complexes can be addressed in a straightforward manner by studying gene-specific mutants in the oxidases or the levels of mRNA corresponding to that gene. The roles of two B. japonicum membrane-bound complexes within the heme-copper family of terminal oxidases, Fix NOQP ( )and CoxBA, have been addressed through a combinaw x tion of mutant analyses 12-14 , purification of the w x complex 7,10 , or quantification of both spectral and w x transcript signals 18,19 . All of these studies are consistent with the CoxBA playing a respiratory role Ž in high-aeration conditions i.e., in free-living cul-. ture and Fix NOQP playing a role in a very low O 2 Ž . environment i.e., in symbiosis .
CoxMNOP and CoxWXYZ do not play such clearly defined roles, but from our studies, it can be concluded they must be important in some aspect of microaerobic metabolism. In a strain lacking both of Ž these oxidases, low O growth H -dependent 2 2 . chemolithotrophy is severely affected. For chemolithotrophic growth, the double mutant is likely severely energy-deprived, as these cultures are dependent on H rO respiration at O levels below 12.5 
